INTRODUCTION {#s1}
============

Pedicle screw is widely used in the treatment of degenerative, traumatic and developmental conditions of the spine as it achieves excellent biomechanical fixation and deformity correction[@b1]. Due to unique neurologic and vascular anatomy of the spinal canal, techniques to optimize screw placement and confirm intraosseous screw position are being developed to create an environment as safe as possible for pedicle screw placement[@b2]--[@b5]. The accurate placement of these screws within the bony confines of the pedicle is crucial to avoid loss of fixation and prevent potentially serious neurovascular injury[@b6],[@b7]. Critical intraoperative assessment of pedicle screw placement using intraoperative fluoroscopy and conventional radiography in the posteroanterior and lateral projections is an essential step in preventing possible neurologic and vascular complications[@b8]. For insertion of pedicle screws into the right place, they should be placed at proper medial-lateral and cranial-caudal angles according to the corresponding entry points. Techniques of pedicle screw placement in the thoracic, lumbar and sacral spine are traditionally based on a morphometric understanding of the posterior elements according to clues from both intraoperative imaging and tactile feedback. Techniques of screw placement vary among surgeons depending on training, experience and resources available at the time of surgery[@b9]. A number of computerized tomography (CT) and fluoroscopy-based navigation systems have been developed with demonstrated ability to increase screw accuracy, decrease radiation exposure and reduce operative times[@b10],[@b11]. Unfortunately, these systems have not seen widespread adoption as they require time-consuming planning and invasive fixation of a reference arm, and they are unable to compensate for positional changes and are expensive capital investments[@b11]--[@b18].

The purpose of this study was to compare the supraspinal ligament-based new free-hand technique with the fluoroscopy-based conventional technique in the placement of pedicle screws.

MATERIALS AND METHODS {#s2}
=====================

Anatomic relationship {#s2a}
---------------------

One hundred normal thoracolumbar magnetic resonance (MR) images at the middle sagittal plane were recruited from the imaging department of the authors\' affiliated hospital (100 patients, including 47 males and 53 females, aged from 16 to 78 years with a median age of 48 years). Picture archiving and communication system (PACS) was performed to detect angle relationship between the upper vertebral endplate and the supraspinal ligament from MRI images ([***Fig. 1***](#jbr-28-01-064-g001){ref-type="fig"}). MRI films at the middle sagittal plane displayed the supraspinal ligament clearly behind the spinous process. If the supraspinal ligament was not clear, the angle between the line parallel to the surface of the upper vertebral endplate and the line connecting the upper and lower spinous process trailing edge was measured instead. Images with spine fracture, spondylolisthesis, tumor, severe degeneration and deformity were excluded. After measurements and analyses, the angle from T1 to L4 was about 90°, but approximately 80° with that of L5 ([***Table 1***](#jbr-28-01-064-t01){ref-type="table"}). It was theoretically feasible, that from T1 to L4, if pedicle screws were placed perpendicular to the supraspinal image, they would be parallel to the surface of the upper endplate ([***Fig. 2***](#jbr-28-01-064-g002){ref-type="fig"} and [***3***](#jbr-28-01-064-g003){ref-type="fig"}).

![PACS analysis of MRI image.\
The angle between the upper vertebral endplate and the surface of the supraspinous ligament is measured from T1 to L5 by the picture archiving and communication system (PACS).](jbr-28-01-064-g001){#jbr-28-01-064-g001}

![Surgical simulation.\
It is theoretically feasible that from T1 to L4, if the pedicle screws (blue, line C) are placed perpendicular to the supraspinous ligament (yellow, line B), the pedicle screws will be parallel to the surface of the upper endplate (red, line A).](jbr-28-01-064-g002){#jbr-28-01-064-g002}

###### The angle between the vertebral upper endplate and the the surface of the supraspinous ligament

  Centrum    Mean    Stand Error   95%CI     Min      Max    Difference with 90                     
  --------- ------- ------------- -------- -------- ------- -------------------- -------- --------- --------
  T1         91.12      0.13       (90.86   91.38)   88.73         93.73           1.12     (0.86    1.38)
  T2         90.33      0.12       (90.09   90.57)   86.42         93.42           0.33     (0.09    0.57)
  T3         90.41      0.11       (90.20   90.62)   87.79         94.18           0.41     (0.20    0.62)
  T4         89.91      0.10       (89.72   90.10)   87.15         91.97          -0.09    (-0.28    0.10)
  T5         89.64      0.09       (89.46   89.82)   87.23         91.18          -0.36    (-0.54    -0.18)
  T6         89.86      0.10       (89.67   90.05)   86.90         92.89          -0.14    (-0.33    0.05)
  T7         90.21      0.09       (90.04   90.38)   87.30         92.18           0.21     (0.04    0.38)
  T8         90.58      0.09       (90.40   90.76)   88.60         93.20           0.58     (0.41    0.75)
  T9         90.62      0.14       (90.34   90.90)   80.37         93.93           0.62     (0.34    0.90)
  T10        90.36      0.10       (90.17   90.55)   88.08         93.77           0.36     (0.17    0.55)
  T11        90.45      0.08       (90.29   90.61)   88.00         92.94           0.45     (0.29    0.61)
  T12        90.86      0.09       (90.68   91.04)   88.80         94.76           0.86     (0.68    1.04)
  L1         90.76      0.10       (90.57   90.95)   88.34         93.27           0.76     (0.57    0.95)
  L2         90.57      0.11       (90.36   90.78)   88.00         95.32           0.57     (0.36    0.78)
  L3         90.14      0.10       (89.94   90.34)   87.81         92.58           0.14    (-0.06    0.34)
  L4         89.42      0.13       (89.16   89.68)   86.44         92.86          -0.58    (-0.84    -0.32)
  L5         79.79      0.38       (79.04   80.54)   68.22         88.77          -10.21   (-10.59   -9.47)

Note: Data of means, stand error, min, max, and 95% confidence intervals are statistical data of the angle between the vertebral upper end plate and the surface of the supraspinous ligament from T1 to L5, with its 95% confidence intervals with 90.

Patients {#s2b}
--------

From July 2005 to January 2012, 153 adult patients with simple fracture (AO classification of spine fractures: A1, A2, A3 and B1) in the thoracic and/or lumbar spine were enrolled in this study. Patient enrollment was limited to patients whose age was between 16 and 80 years and whose preoperative diagnoses required only posterior pedicle screw fixation in the thoracic and/or lumbar spine. Patients were excluded from study participation if they underwent previous instrumented surgery, and suffered from nerve root, spinal cord, supraspinal ligament and severe combined injury, spinal deformity, serious spine degeneration or serious osteoporosis (T \< -2.5) at fractured level(s). After providing written informed consents, patients were assigned to treatment groups according to the order of enrollment. In the conventional group, 76 patients with a median age of 43.7 years (42 males and 34 females, and aged from 22 to 72 years) received conventional intraoperative fluoroscopy (referred to hereafter as the "conventional technique"). In the new free-hand technique group, 77 patients with a median age of 41.2 years (48 males and 29 females, and aged from 16 to 77 years) were treated with the new method of free-hand technique (referred to hereafter as the "new free-hand technique") ([***Table 2***](#jbr-28-01-064-t02){ref-type="table"}).

![The pedicle screws are placed parallel to the surface of the upper vertebral endplate.\
The pedicle screw (blue cylinder) should be placed parallel to the surface of the upper vertebral endplate (red plane). However, the upper vertebral endplate is not visible during surgery. We can just insert the pedicle screws at 90° with the supraspinous ligament (yellow cylinder) with the help of an "L" shaped measuring device (pink cylinder). A: Lateral view. B: Posteroanterior view.](jbr-28-01-064-g003){#jbr-28-01-064-g003}

!["L" shaped measuring device (yellow arrow) is used during the operation which facilitates pedicle screw placement.](jbr-28-01-064-g004){#jbr-28-01-064-g004}

Demographic data included age, sex, height, and weight were obtained. Intraoperative data included the levels of treatment, operative time, estimated blood loss, intraoperative complications, number and location of screws, screw diameters and lengths. Electromyography (EMG) thresholds of each pedicle screw and the replaced screws due to improper position with intraoperative fluoroscopy were recorded. Total fluoroscopy time was collected. Additional data were collected in the new free-hand group on preoperative pedicle medial-lateral angles. Postoperative complications and duration of hospital stay were noted. Neurological examination, including evaluation of lower extremity motor strength and sensory function, was performed at baseline and within 1 week after surgery by using the American Spinal Injury Association classification. If motor or sensory deficits were identified at the first postoperative visit, patients were postoperatively evaluated in 4 to 6 weeks to determine whether the deficit was transient.

All patients just underwent posterior pedicle screw placement operation and all the operations were performed by a single senior surgeon. The same operating team included a radiologist taking charge of intraoperative fluoroscopy.

Surgical technique {#s2c}
------------------

Under general anesthesia with endotracheal intubation, the standard midline posterior approach to the spine was used, and then the vertebral body was exposed. In lumbar vertebrae (from L1 to L4), pedicle screw was entered at the intersection of the transverse process with the junction of the middle and lateral one third of the corresponding superior articular process. In the thoracic vertebrae (from T1 to T12), the entry point was located at the junction of a vertical line which passes along the lateral pars and a transverse line dividing the transverse process in half.

In the conventional technique group, we kept the screw parallel to the upper end plate by using a C-arm image system. At the same time, medial-lateral and cranial-caudal angles were adjusted under intraoperative fluoroscopy. The C-arm image system was frequently used to verify correct positioning of the trajectory of screws in the conventional technique group. In the new free-hand technique group, on the basis of the angle study above, the cranial-caudal angle was set at 90° making the trajectory of the screw perpendicular to the supraspinal ligament. The medial-lateral angle was set properly according to preoperative CT scans. Thoracic vertebrae and upper lumbar vertebrae screws were slightly oblique towards the midline (on an average about 5°-10°), and lower lumbar vertebrae screw was about 10° to 15° towards the midline the same as previous studies[@b2],[@b19]. During the operation, an "L" shaped self-designed measuring device ([***Fig. 4***](#jbr-28-01-064-g004){ref-type="fig"}) was used to make the trajectory of the screw perpendicular to the supraspinal ligament. The position of pedicle screws and rods required confirmation only once at the end of the operation. Comparison of the main surgical procedures for inserting pedicle screws between the new method and conventional techniques are shown in supplementary figures (***[Supplementary Fig. 1A](#jbr-28-01-064-s001){ref-type="supplementary-material"}***, ***[1B](#jbr-28-01-064-s002){ref-type="supplementary-material"}*** and [***1C***](#jbr-28-01-064-s003){ref-type="supplementary-material"}, available on line).

###### Comparison between new free hand group and conventional group on fractured vertebrae and inserted pedicle screws

         Fractured vertebrae        Inserted pedicle screws       
  ----- --------------------- ---- ------------------------- ---- ----
  T1              0            0                              2    0
  T2              0            0                              4    2
  T3              2            1                              2    6
  T4              2            2                              10   6
  T5              3            2                              10   12
  T6              3            4                              16   8
  T7              4            3                              12   8
  T8              3            5                              14   8
  T9              3            4                              18   20
  T10             6            6                              18   22
  T11             8            7                              32   26
  T12            10            8                              44   32
  L1             13            11                             42   32
  L2             11            10                             42   44
  L3              9            11                             36   38
  L4              8            8                              20   24

Pedicle screw placement was assessed on postoperative CT scan at 1 week by a single, independent, board-certified spine surgeon with more than 25 years of experience of spine surgery who was blinded to patient data and based on a postoperative CT scan obtained within 1 week after surgery. The magnitude of pedicle perforation was categorized as no breach, breach less than 2 mm, breach from 2 to 4 mm, breach from 4 to 6 mm and breach greater than 6 mm. The direction of perforation was categorized as lateral, medial, inferior or superior.

Statistical analysis {#s2d}
--------------------

All continuous data were presented as mean± standard deviation (SD) and all categorical data as percentage or number. Statistical analyses for comparisons between groups were performed by using unpaired Student\'s *t*-test, χ^2^ test or non-parametric Kruskal-Wallis test. Statistical significance was set as *P* \< 0.05. Statistical analysis was done using Stata version 10.1 (StataCorp, College Station, TX, USA).

RESULTS {#s3}
=======

In the new free-hand technique group, 77 patients with vertebral fractures at T1 to L4, (a total of 85 fractures including 8 fractures with two consecutive fractured vertebrae) received 322 pedicle screws (pedicle screws inserted in L5 were excluded) in the thoracic or lumbar spine. The number of screws inserted at each level is shown as follows: T1=2, T2=4, T3=2, T4=10, T5=10, T6=16, T7=12, T8=14, T9=18, T10=18, T11=32, T12=44, L1=42, L2=42, L3=36 and L4=20. Two screws (0.06%) were replaced due to their improper position, with no neurologic or vascular complications. Analysis of these pedicle screws by postoperative CT scans confirmed 10 (3.11%) violated screws, including 4 medial and 6 lateral pedicle cortical penetration but no superior and inferior penetrations. There was no neurologic, vascular or pleural injury and no screws required postoperative repositioning. The accuracy rate was 96.3% (12/322).

In the conventional technique group, 76 patients with vertebral fractures at T1 to L4 (a total of 82 fractures including 6 fractures with two consecutive fractured vertebrae) received 312 pedicle screws (pedicle screws inserted in L5 were excluded) placed in the thoracic or lumbar spine. The number of screws inserted at each level is shown as follows: T2=2, T3=6, T4=6, T5=12, T6=8, T7=18, T8=18, T9=20, T10=22, T11=26, T12=32, L1=36, L2=44, L3=38 and L4=24. Four screws (1.65%) were incorrectly positioned and replaced, and one of the pedicle breaches (1.28%) was associated with hypoesthesia. Postoperative CT scans showed 14 (4.49%) violated screws, including 4 medial, 3 lateral, 5 superior and 2 inferior pedicle cortical penetrations. The accuracy rate was 94.2% (18/312), which was significantly lower than the new free-hand technique group (*P* \< 0.05).

There was also a statistically significant difference between the new and the conventional technique groups in fluoroscopy time (5.37 seconds *vs*. 8.79 seconds, *P* \< 0.05). However, there was no statistically significant difference between the 2 groups in operating time and the volume of estimated blood loss during operation (*P* \> 0.05) ([***Table 3***](#jbr-28-01-064-t03){ref-type="table"} and [***4***](#jbr-28-01-064-t04){ref-type="table"}).

DISCUSSION {#s4}
==========

According to this study, the angle between the upper vertebral endplate and the surface of the supraspinal ligament from T1 to L4 was approximately 90°. Therefore, to design the new free-hand technique, we inserted the pedicle screw perpendicular to the surface of the supraspinal ligament and parallel to the surface of the upper endplate. Perhaps the most important attribute of any anatomical reference is that it facilitates safe and accurate screw placement. In this study, 96.3% of the screws in the new free-hand technique group were entirely intrapedicular and 99.4% had breach less than 2 mm, commonly considered to be within the "safe zone" around the pedicle[@b20],[@b21]. Kosmopoulos et al.[@b22] compared the accuracy of pedicle screw placement with and without the assistance of navigation for all spine levels in the general patient population and found that the median accuracy was 95.1% and 90.3%, respectively, which is similar to our results. Although many clinical studies reported a low incidence of neurological injury associated with misplaced screws, there was evidence that small cortical breaches can impact on the biomechanical strength of a construct[@b2],[@b11],[@b23],[@b24]. In this study, the accuracy rate was 96.3% in the new free-hand technique group without the assistance of navigation, and no sequelae were observed. The major advantage of the new free-hand technique is that it reduces the frequency of radiation exposure noticeably. It not only reduces radiation exposure, but also makes the operation much simpler. Furthermore, surgeons can utilize intraoperative anatomy to guide screw placement directly. As fluoroscopy remains an integral part of conventional pedicle screw placement, radiation exposure to the surgical team still remains a legitimate concern. Cumulative radiation dose can exceed regulatory occupational limits[@b25],[@b26]. With current CT and 3-dimensional fluoroscopy-based navigation systems, the patient is exposed to significant amounts of radiation during image acquisition even if the surgeon is able to step away[@b18],[@b27]. This study confirmed that the use of the "L" shaped measuring device significantly reduced fluoroscopy time. The angle between the upper vertebral endplate and the surface of the supraspinous ligament of L5 was about 80°, but the entry point of L5 for pedicle screw placement which we chose was different from previous studies; so we excluded L5 from this study.

###### Surgical results

  Total screws placed             New free hand group   Conventional group
  ------------------------------ --------------------- --------------------
  Total screws placed                     322                  312
  Screws per patient placed              4.18                  4.11
  Pedicle perforation                     12                    18
  EMG monitoring                         none                  none
  Neurological examination               none                  none
  Intraoperative complications           none                  none

###### Comparison between new free hand group and conventional group on perforation parameters, distribution, fluoroscopy time, operative time, and estimated blood loss

  Parameter                    New free hand group   Conventionalgroup
  --------------------------- --------------------- -------------------
  Perforation                                       
   Replaced                             2                    4
   Breach                                           
    No                                 310                  294
    \< 2 mm                             8                    8
    2-4 mm                              2                    5
    4-6 mm                              0                    1
    \> 6 mm                             0                    0
   Distribution                                     
    T1                                  0                    0
    T2                                  1                    0
    T3                                  0                    2
    T4                                  2                    0
    T5                                  0                    3
    T6                                  4                    2
    T7                                  2                    3
    T8                                  1                    2
    T9                                  0                    0
    T10                                 1                    3
    T11                                 0                    1
    T12                                 1                    1
    L1                                  0                    0
    L2                                  0                    1
    L3                                  0                    0
    L4                                  0                    0
  Fluoroscopy time (second)        8.79±1.27\*          5.37±1.16\*
  Operative time (minute)         103.40±15.74          92.04±18.53
  Estimated blood loss (mL)       281.02±34.46         250.95±49.70

Note: Data are comparisons between the conventional techniques and the free-hand technique. \**P* \< 0.05.

However, as our study is a preliminary and a single-centered study, multi-center studies are required to further confirm our findings. Besides, this study was limited by focusing on simple fracture in the thoracic or lumbar spine, the small number of cases and the heterogeneity of the vertebral distribution. Furthermore, this new technique can only be employed in patients with intact spinous processes. The study may have been subjected to selection bias by the exclusion of patients with nerve or spinal cord injury, spinal deformity, serious spine transformation, or severe combined injury. Additionally, as the fractured vertebrae are mainly in the thoracolumbar spine, the results of the thoracic spine may have a great bias. In a follow-up study, we are currently examining pedicle screw placement by this method in other diseases of the spine, including spinal deformities.

To enhance the safety of pedicle screw fixation, the choice of correct anatomic landmark of the supraspinal ligament was sufficient. Pedicle screw placement with a new free-hand technique referring to the supraspinous ligament is an accurate, reliable and safe method to treat fracture of the spine.

Supplementary Figures {#s5}
=====================

###### How to make pedicle screw placement accurately.

When the pedicle screw is inserted into the pedicle and vertebral body, it should be perpendicular to the surface of the supraspinous ligament. The pedicle screw (blue, line C) should be placed parallel to the surface of the upper vertebral end-plate (red, line A). However, the upper vertebral end-plate is not visible during surgery. So during the conventional free-hand method, the surgeon must make the pedicle clearly exposed or with the help of intraoperative fluoroscopy to guide pedicle screws at right orientation. Based on the angle between the upper vertebral end-plate and the surface of the supraspinous ligament from T1 to L4 is approximately 90°, we can just insert pedicle screws at the right angle with the supraspinous ligament (yellow, line B) making the screw being parallel to the surface of the upper vertebral end-plate.

###### 

Click here for additional data file.

###### The thoracolumbar normal magnetic resonance (MR) films of middle sagittal plane.

A: The MR films of middle sagittal plane display the supraspinal ligament clearly behind the spinous process. B: The angle between the line which is parallel to the surface of the upper vertebral end-plate and the line of the connection between the upper and lower spinous process trailing edge was measured.

###### 

Click here for additional data file.

###### The comparison of the main operational procedures for inserting pedicle screws between the new method and the conventional techniques.

A: The main operational procedures for inserting the pedicle screws. (1) location of the goal vertebrae; (2) planting the pedicle screw into the right vertebrae; (3) fixing pedicle screws with rods and then reduction; (4) confirming the position of pedicle screws and rods. The differences between the new method and the conventional techniques are inserting the pedicle screws as described in step 2. The conventional techniques require four steps: ① To insert the guide pins into the corresponding vertebraes; ② To adjust the position and orientation of pedical screws by using guide pins; ③ To implant the pedicle screws with the help of the guide pins; ④ To locate the position and orientation of pedical screws by using guide pins. The conventional techniques are very complicated and not easy to manipulate. In addition, it increases the dangers of exposure to X-ray fluoroscopy. As for the new method, pedicle screws can be directly placed without using the guide pins. It is simple. More importantly, it reduces the hazards of X-ray fluoroscopy. B: To demonstrate the new method of specific surgical procedures. In the second step of the process of pedicle screw placement, without confirming its position, pedicle screws can be directly inserted into vertebraes, as referred to the Kirschner wire at a right angle shown in the figure. Most importantly, we only need to confirm the position of pedicle screws and rods once with a C-Arm image system. C: To demonstrate the conventional techniques of specific surgical procedures. In the second step of the process of pedicle screw placement, it requires inserting the guide pins and then a C-Arm image system is needed to verify the position and orientation of the guide pins. Next, pedicle screws are inserted and the C-Arm image system is needed to verify the position and orientation of pedicle screws. Finally, after fixing pedicle screws with rods, the C-Arm image system is still needed. Thus, roentgenogram is needed for 3 times during operation.

###### 

Click here for additional data file.
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